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ABSTRACT
Building space cooling is, and until 2040 is expected to continue to be, the single largest use of electricity in the
residential sector in the United States. Increases in electric-grid peak demand leads to higher electricity prices,
system inefficiencies, power quality problems, and even failures. Thermally-activated systems, such as gas enginedriven heat pumps (GHP), can reduce peak demand. This study describes the performance of a residential scale
GHP. It was developed as part of a cooperative research and development agreement (CRADA) between Oak Ridge
National Laboratory (ORNL) and Southwest Gas. Results showed the GHP produced 16.5 kW (4.7 RT) of cooling
capacity at the 35°C (95°F) rating condition with a gas-based coefficient of performance (COP) of 0.99. In heating,
the GHP produced 20.2 kW (5.75 RT) with a gas COP of 1.33. The study also discusses other benefits and
challenges facing the GHP technology such as cost, reliability, and noise.

1. INTRODUCTION
A gas engine-driven heat pump (GHP) is a vapor compression cycle heat pump where a natural-gas-driven engine
replaces an electric motor to drive the compressor. GHPs have several advantages over their conventional singlespeed electric motor-driven counterparts. One very significant advantage is the variable-speed control of its output.
Reducing capacity by slowing the engine maintains a high coefficient of performance (COP) during part load
operation. Another advantage of the GHPs over their electric counterparts is their ability to use the heat rejected
from the engine. The recovered heat is used to supplement the vapor compression cycle during heating. This
increases the COP and enables the heat pump to operate at lower ambient temperatures than electric counterparts.
The rejected heat may also be used to supply other process loads, such as water heating.
A report published by the United Kingdom Department of Energy and Climate Change (2014) estimated that more
than 800,000 GHP units were installed in Asia. This high level of market penetration is attributed mainly to the peak
demand reduction resulting from using GHP instead of electric counterparts especially where demand charges are
high such as in Japan. Although it focused mainly on the European market, the barriers, opportunities and cost
reduction potentials identified in the report are universal and provide useful insight to GHP developers globally.
Sohn et al. (2008) reported on a year-long field-testing of six 10-ton GHPs at six United States Department of
Defense installations in the south west region. The report presented the economic impact, reliability, and estimated
environmental impact of the installed GHPs. Electric and gas utility combined cost net saving was reported for all
installations. The savings ranged from $680 to $2,134. In 2012, a report released by the Building Technologies
Office of the US Department of Energy estimated the energy saving potential of GHP technology in the residential
sector to be 44 Terawatt-hour (0.15 Quads/year.)
Mahderekal et al. (2008) presented the design and development of a 10-ton GHP. The paper demonstrated the
design challenges that had to be overcome and presented the results of laboratory performance evaluation. The main
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design challenges were focused on reducing cost, reducing the frequency of periodic maintenance, and complying
with emissions regulations. The payback of their final design was estimated to be between 2 to 5 years based on
natural gas and electricity prices in southern Nevada and Arizona. Mahderekal et al. (2012) modeled a 10-ton GHP
with performance improvements. The paper reported a modeled 25% improvement in heating efficiency when
engine waste heat is recovered in the suction line refrigerant heat exchanger. The model also included a desiccant
wheel integrated to the GHP to augment dehumidification during cooling. The desiccant was regenerated by waste
heat from the engine. The model estimated that using the desiccant system can lower the sensible heat ratio to 40%.
Shen et al. (2013) modeled two GHP configurations; first with suction line refrigerant to coolant heat exchanger and
second with the addition of supply air to coolant heating coil. The two configurations were simulated in EnergyPlus
and the energy performance was compared to a baseline unit in 16 different US cities in different climate zones..
The baseline unit had electrically-driven air conditioner with seasonal COP of 4.1 for space cooling and a gas
furnace with 90% fuel efficiency for heating.
In this paper, the performance of a residential scale GHP developed as part of a cooperative research and
development agreement (CRADA) between Oak Ridge National Laboratory (ORNL) and Southwest Gas, has been
comprehensively investigated.

2. GHP PROTOTYPE SPECIFICATIONS
The development of the GHP started in 2011 and the final commercialized prototype was built and tested in 2015.
The developed GHP is a split air-source 4.5-ton heat pump that uses R410-A as the refrigerant. It uses a watercooled, 4-stroke, single-cylinder, 270 cc, 5.6 kW (7.5 HP) engine. The engine is designed to run for 4,000
continuous hours before maintenance with 40,000 hour life expectancy before a major overhaul. The compressor is a
scroll type with volumetric capacity of 60.5 cc/rev. The compressor is belt-driven by the engine. The outdoor fan
motor is 1/3 horsepower. A two-stage indoor air handler was used. Figure 1 shows a piping and instrumentation
diagram of the GHP.

Figure 1. GHP schematic; space cooling mode operation shown.
The engine coolant circuit is equipped with two diverting valves. The first one is at the outlet of the coolant from the
engine block. When the engine is cold, the valve diverts all coolant flow to a bypass path, where no heat is extracted
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from the coolant. This helps increase the engine temperature to its desired operating temperature. When the engine
temperature reaches the desired operating temperature, the valve diverts the flow to the second diverting valve.
When the coolant temperature is below its set point, the second diverting valve diverts all coolant flow to a
refrigerant-to-coolant heat exchanger. When the coolant temperature exceeds the set point of the valve, it diverts all
coolant flow to a domestic water-to-coolant heat exchanger, if it exists, then to the radiator. The radiator fan is
activated by a temperature switch that senses the coolant temperature. During cooling operation, the hot refrigerant
from the compressor flows through the refrigerant-to-coolant heat exchanger. Since it is hot, it does not remove
enough heat from the coolant. The second diverting valve directs all flow to the domestic hot water heat exchanger,
if it exists, then to the radiator. During heating operation, the cold refrigerant from the outdoor coil flows through
the refrigerant-to-coolant heat exchanger. It gains heat from the coolant. Thus, it boosts the heating capacity of the
GHP. This study describes and presents the laboratory performance evaluation of the GHP.

3. EXPERIMENT
Evaluation of the developed GHP was conducted in an environmental chamber at ORNL. The chamber consists of
two rooms; outdoor and indoor. The outdoor (condensing) unit of the GHP was installed in the outdoor room while
the air handler was installed in the indoor room. The unit was then operated over a wide range of ambient conditions
and all data points needed to calculate capacity and COP were measured and recorded. Table 1 lists these conditions.
The evaluations were conducted at high (3400 rpm), intermediate (2400 rpm), and low (1800 rpm) engine speeds.
Table 1. Operating conditions for evaluation of GHP.
Air Entering

Cooling

Heating

a

Dry Bulb
°C (°F)
26.7 (80)
26.7 (80)
26.7 (80)
26.7 (80)
26.7 (80)
26.7 (80)
21.1 (70)
21.1 (70)
21.1 (70)
21.1 (70)
21.1 (70)

Indoor Unit
Dew Point
°C (°F)
15.7 (60.2)
15.7 (60.2)
15.7 (60.2)
15.7 (60.2)
15.7 (60.2)
15.7 (60.2)
11.9 (53.5)
11.9 (53.5)
11.9 (53.5)
11.9 (53.5)
11.9 (53.5)

Wet Bulb
°C (°F)
19.4 (67)
19.4 (67)
19.4 (67)
19.4 (67)
19.4 (67)
19.4 (67)
15.6 (60) (max)
15.6 (60) (max)
15.6 (60) (max)
15.6 (60) (max)
15.6 (60) (max)

Dry Bulb
°C (°F)
23.9 (75)
29.4 (85)
35 (95)
40.6 (105)
46.1 (115)
51.7 (125)
-8.3 (17)
1.7 (35)
8.3 (47)
12.8 (55)
18.3 (65)

Outdoor Unit
Dew Point
°C (°F)
8.7 (47.7)
14.1 (57.4)
19.2 (66.5)
16.6 (61.8)
12.8 (55)
8.4 (47.1)
-12.6 (9.4)
-2 (28.4)
3.7 (38.7)
7.9 (46.2)
12 (53.6)

Wet Bulb
°C (°F)
15 (59)a
19.4 (67)a
23.9 (75)a
23.9 (75)a
23.9 (75)a
23.9 (75)a
-9.4 (15)
0 (32)
6.1 (43)
10.1 (50.2)
14.5 (58.1)

Wet bulb condition is not required.

To reduce the noise on the measurement, the natural gas consumption was measured by a diaphragm type gas meter
with pulse output. The refrigerant flow rate was measured by a Coriolis mass flow meter. Humidity transmitters
were used to measure relative humidity. Supply air flow rates were measured using a multi-point, self-averaging
Pitot traverse station with an integral air straightener/equalizer honeycomb cell. This arrangement allows the
capability of continuously measuring fan discharges or ducted airflow. Thermocouples, tachometer, hygrometers
and pressure transducers along with the flow rates measuring devices were used to monitor the GHP via a PC-based
data acquisition system. Sensors for these measurements and their accuracies are shown in Table 2. The required
accuracy of the test instrumentation is in accordance with ASHRAE and/or ASME documents (ASHRAE 2006;
ASME 2004a, 2004b; ASHRAE 1989a.).
The air handler was operated on high-stage when in heating mode. In cooling mode the air handler was operated on
low-stage when running the engine at low- and intermediate-speed (1800 and 2400 rpm respectively) and it was
operated on high-stage when running the engine at high-speed (3400 rpm.)
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Table 2. Test instrument and measurement accuracies.
Measurement
Temperature
Pressure
Air flow
Natural gas flow
Refrigerant flow
Relative Humidity
Engine speed
Electric power

Sensor
T-Type Thermocouple
Transducer
Pitot tube array
Diaphragm meter
Coriolis mass flow sensor
Hygrometer
Tachometer
Watt transducer

Range
-270 to 400 °C (-454 to 752 °F)
0 to 4,137 kPa (0 to 600 psia)
0 to 2.08 m3/s (0 to 4,400 cfm)
0 to 0.001966 m3/s (0 to 1.167 cfm)
0 to 15.12 kg/s (0 to 2,000 lb/hr)
0 to 100 %RH
0 to 5,000 rpm
0 to 1,000 Watt

Accuracy
±1 °C (±1.8 °F)
±1% of full scale
±2%
±1%
±0.1%
±2%RH
±0.1%
±0.5% of full scale

The airside capacity is calculated using the method outlined in 2005 ASHRAE Handbook of Fundamentals. The
capacity is calculated by determining the saturation pressure of water vapor in the return or supply air, using the
following equation and constants:
ln 𝑝𝑤𝑠 = 𝐶1 ⁄𝑇 + 𝐶2 + 𝐶3 𝑇 + 𝐶4 𝑇 2 + 𝐶5 𝑇 3 + 𝐶6 ln 𝑇

(1)

Where
C1 = −5.800 220 6 E+03
C2 = 1.391 499 3 E+00
C3 = −4.864 023 9 E−02
C4 = 4.176 476 8 E−05
C5 = −1.445 209 3 E−08
C6 = 6.545 967 3 E+00
The humidity ratio of the return or supply air is then obtained by using the following equation:
𝑊 = 0.6218

𝑝𝑤𝑠
𝑝− 𝑝𝑤𝑠

(2)

The moist air specific enthalpy is then calculated as:
ℎ = 1.006 𝑡 + 𝑊 (2501 + 1.805 𝑡)

(3)

After the enthalpy is obtained for both the return and supply air, the specific volume of dry air is calculated with the
following equation:
𝑣 = 0.2871 (𝑡 + 273.15)(1 + 1.6078 𝑊)⁄𝑃

(4)

Using the above equation, the density of moist air becomes:
𝜌 = (1⁄𝑣 )(1 + 𝑊)

(5)

The mass flow rate of air is then calculated as:
𝑚̇ = 𝜌 𝑉̇

(6)

Finally, the total airside capacity is calculated by determining the difference between the return and the supply air
enthalpies and multiplying it by the mass flow rate of the moist air:
𝑄̇𝑇 = 𝑚̇ (ℎ𝑟 − ℎ𝑠 )

(7)

The sensible and latent capacities are given by the following equations:
𝑄̇𝑆 = 𝑚̇ 𝐶𝑝 (𝑇𝑟 − 𝑇𝑠 )
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𝑄̇𝐿 = 𝑄̇𝑇 − 𝑄̇𝑆

(9)

The sensible heat ratio is calculated as:
𝑆𝐻𝑅 =

.
𝑄𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒

(10)

.
𝑄𝑇𝑜𝑡𝑎𝑙

In this paper, the coefficient of performance (COP) is the Gas-COP, and is calculated as:
𝐶𝑂𝑃 =

.
𝑄𝑇𝑜𝑡𝑎𝑙

(11)

𝐹𝑢𝑒𝑙 𝐼𝑛𝑝𝑢𝑡

4. RESULTS
Evaluation of the GHP unit in heating mode was completed over a wide range of conditions (engine speeds, outdoor
and indoor temperatures, and humidity). Figure 2 and Figure 3 show the performance at high, intermediate and low
engine speeds. Gas heating COP of 1.33 with capacity of 20.2 kW (69,000 Btu/h or 5.75 RT) at AHRI steady-state
rating condition of 8.3°C (47°F) outdoor was achieved at high engine speed.

Capacity, kW

25
20
15

1800 rpm

10

2400 rpm

5

3400 rpm

-10

0
10
Outdoor Temperature, °C

20

Figure 2. Heating capacity of the GHP at three different speeds.
2.50
COP

2.00
1.50

1800 rpm

1.00

2400 rpm

0.50

3400 rpm

0.00
-10

0
10
Outdoor Temperature, °C

20

Figure 3. Heating coefficient of performance of the GHP.
Evaluation of the GHP unit in cooling mode was completed over a wide range of conditions (engine speeds, outdoor
and indoor temperatures, and humidity). Figure 4 and Figure 5 show the cooling performance at high, intermediate
and low engine speeds. As shown in Figure 4 and Figure 5, gas cooling Coefficient of Performance (COP) of 0.99 at
AHRI steady-state rating condition of 35°C (95°F) outdoor and 26.7°C (80°F) dry-bulb/15.7°C (60.2°F) dew-point
temperatures for indoor with capacity of 15.8 kW (53,965 Btu/h or 4.5 RT) was achieved at high engine speed.
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Capacity, kW

20
15
10

1800 rpm

5

2400 rpm
3400 rpm

0
20

30
40
50
Outdoor Temperature, °C

Figure 4. Cooling capacity of the GHP at three different speeds.
2.00
COP

1.50
1.00

1800 rpm

0.50

2400 rpm
3400 rpm

0.00
20

30
40
50
Outdoor Temperature, °C

Figure 5. Cooling coefficient of performance of the GHP.

SHR

The GHP unit was not tested at 51.7°C (125°F) outdoor temperature and 3400 rpm. At that condition, the engine did
not have enough output power to overcome the load resulting from the high discharge pressure and stalled.
Similarly, at 2400 and 1800 rpm and 51.7°C (125°F) outdoor temperature, the engine did not run at exactly those
speeds. It rather ran at 2200 and 1650 rpm respectively. This explains the steep drop in cooling capacity seen in
Figure 4 at 51.7°C (125°F) outdoor temperature.
1.00
0.90
0.80
0.70
0.60
0.50
0.40

1800 rpm
2400 rpm
3400 rpm
20

30
40
50
Outdoor Temperature, °C

Figure 6. Sensible Heat ratio in cooling mode at different speeds.
As shown in Figure 4, the intermediate speed cooling capacity is less than would be expected. It’s only slightly
higher than it is at low speed and significantly less than it is at high speed. This is attributed to the high sensible heat
ratio, or low latent cooling capacity, at intermediate speed. Sensible heat ratio for all test condition is shown in
Figure 6. The high sensible heat ratio at intermediate speed was the result of running the air handler on high speed.
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Electric Power, Watt

Electric condenser fan power consumption of the GHP varies slightly with the outdoor temperature due to the
change in the density of air. Figure 7 shows the power consumption for all cooling and heating tests. Points to the
left of the vertical red line are heating tests, and the ones to the right are cooling tests.
810
COOLING
760
710
HEATING
660
-10

10
30
50
Outdoor Temperature, °C

Figure 7. Electric power consumption of the outdoor unit of the GHP in cooling (right of the vertical line) and
heating (left of the vertical line.)
Air handler power consumption was 950 watts on high stage and 300 watts on low stage.

5. TECHNICAL AND MARKET BARRIERS
The current residential GHP has some limitations from both overall cost and engine performance and point of view.
These shortcomings are:
High initial cost: The current system costs over $14,000. The manufacturing and assembly processes and equipment
are not geared for high-volume, repetitive, lowest-cost production. These are the major market barrier for this
technology. Most of the off the shelf components will be reduced significantly with quantity mass procurement.
However, components like engine, compressor, and exhaust to coolant heat exchanger, and system controllers will
require redesign and/or identifying alternate parts. The current engine sub-assembly costs over $4000 or 35% of the
total unit cost. This is the major hurdle in achieving commercial viability of the residential GHP. Initial comments
from the current engine provider indicated that there is not a significant potential in reducing the engine cost.
Limited engine power output and low thermal efficiency: The current single cylinder IC engine has shown limitation
in terms of achieving the desired cooling capacity of 17.6 kW (60,000 Btu/h or 5 RT) at the ARI rating condition. In
addition, the thermal efficiency of the IC engine needs improvement from the current low 20%. In order for RGHP
to compete with high efficiency current state of the art electric heat pumps, the engine fuel to shaft power
conversion efficiency need to be in the range of 28-30%.
Low frequency noise: These sound-generating vibrations derive from the combustion in the cylinder and the
corresponding pressure waves in the intake and exhaust systems. They are all keyed to the engine’s rotational speed;
as the engine speed rises or falls, the pitch goes up or down.
Market acceptance: GHPs in general suffer from low awareness and poor perception. The latter is particularly
relevant to the residential GHP. This is due a failed commercialization of a residential GHP in early 2000s. In order
for the residential GHP to gain market penetration, there must be greater exposure of the technology to end-users,
installers, designers and contractor.
Regulatory issues: the current regulatory landscape is moving towards a treatment of GHP (distributed generation)
as either providing solely regulated services (in which case the cost can be rate based) or having to recover all of its
costs through the market. A hybrid treatment of GHP that can better capture market and non-market services, such
as unbundling, can provide more efficient GHP development. Government support, such as the use of investment tax
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016
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credits, can help mitigate the riskiness of this technology, improve project economics, and lower deployment
barriers. Utilities and end users may also avoid or reduce risk by contracting energy storage services to third party
service providers, which then assumes any associated risk. Tying GHP to renewables is another means to promote
the product. Moreover, many of the non-technical issues that limit GHP deployment are likely to raise similar
barriers to the competing solutions. Thus, to the extent that addressing these issues can make the proposed
technology more attractive, it will often improve the economics of these competing technologies. It will require
continued engagement with regulators, policy makers, market operators, utilities, and manufacturers to mitigate
identified barriers.
Incomplete valuation: better tools are needed to better valuate the full benefits that GHP can provide. This can be
addressed through further research and model development, as well as more transparent pricing of energy-system
services and control technologies to end users.

6. CONCLUSION
Laboratory performance of residential scale GHP was presented. Though GHP can provide numerous benefits to
consumers, there are a number of factors that restrict its deployment. The most significant barrier to deployment is
high capital costs. However, a number of other market and regulatory barriers persist, limiting further deployment.
The main barriers were also presented.

NOMENCLATURE
cc
h
𝑚̇
pws
rev
t
v
COP
Cp
GHP
HP
P
PC
Q
RT
SHR
T
𝑉̇
W

cubic centimeters
specific enthalpy (kJ/kg)
mass flow rate (kg/s)
saturation pressure of water vapor in air (Pascal)
revolution
dry-bulb temperature (°C)
specific volume (m3/kg)
density (kg/m3)
coefficient of performance
specific heat under contant pressure (kJ/kg-°K)
gas engine driven heat pump
horsepower
pressure (Pascal)
personal computer
cooling or heating capacity (kW)
refrigeration ton
sensible heat ratio
dry-bulb emperature (°K)
volumetric flow rate (m3/s)
humidity ratio

Subscript
r
s
L
S
T

return air
supply air
latent
sensible
total
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